Density-functional theory based global geometry optimization is employed to systematically scrutinize the possibility of multi-doping of hydrogenated Si clusters in order to achieve high spin states beyond the septet limit of a single-atom dopant. While our unbiased configurational search reveals that the previously suggested Si 18 H 12 double hexagonal prism structure is generally too small to accommodate two dopants in magnetized state, the larger Si 24 H 24 cage turns out to be suitable for such applications. For dimer dopants M 2 + = Cr 2 + , Mn 2 + and CrMn + , the structural integrity of the host cage is conserved in the ground-state structure of corresponding M 2 + @Si 24 H 24 aggregates, as is the unusually high spin state of the guest dopant, which in case of Cr 2 + already exceeds the single-atom dopant septet limit by almost a factor of two. Moreover, the possibility of further increasing the cluster spin moment by encapsulating an even larger number of dopants into a suitably sized hydrogenated Si cage is illustrated for the example of a (CrMn + ) 2 @Si 28 H 28 aggregate with a total number of 18 unpaired electrons. These results strongly suggest multi-doping of Si clusters as a viable route to novel cluster-based materials for magneto-optic applications.
Introduction
Assembly at the molecular level is one of the most fundamental approaches in chemistry for obtaining new materials with desired novel properties, for instance relevant for the growing area of molecular electronics. [1] [2] [3] [4] For such nano-assembly, the use of endohedrally doped clusters as building blocks proved to be fruitful due to their suitable cage-like geometries, high stability and easily tunable electronic and optical properties. 5, 6 Adding several different dopant atoms to each building block opens another configurational dimension and was already shown to yield unique properties unavailable for singly-doped clusters, such as large dipole 7 or magnetic 8 moments. To date, two main directions of such research have been followed: either to form multiply doped systems by creating hetero-oligomers 7, [9] [10] [11] [12] [13] or even silicon nanorods [14] [15] [16] made of several singlydoped clusters, or to create truly multiply doped individual cages, each accommodating several dopant atoms 8, [17] [18] [19] or even whole molecules 20, 21 within the same cavity. Along the latter route, which is of much interest for magneto-optic applications, incorporation of magnetic ions within the cluster cage was demonstrated to lead to formation of so-called single-molecule magnets with long relaxation times. 8 To the best of our knowledge, such ideas have only been pursued for carbon fullerene cages, judged as being sufficiently large and stable to accommodate complex dopants. However, hydrogenated Si clusters are also capable of forming large fullerene-like cages, [22] [23] [24] [25] which would then offer comparable space to create multi-doped endohedral Si structures. Apart from the different material class, an advantage of hydrogenated silicon cages over carbon ones is hereby the prospect of bringing the unique properties of the encapsulated dopants to cluster-assembled materials, 6 for example by constructing doubly Si-Si bound aggregates as recently suggested. 13 An exciting prospect of multi-doping within the same cluster cavity is the potentially increased 
Computational Details
All ground-state total energy calculations in this work have been performed with the all-electron full-potential DFT code FHI-aims. 29, 30 Electronic exchange and correlation was treated on the hybrid functional level with the PBE0 functional. 31 All sampling calculations were done with the "tier 2" atom-centered basis set using "tight" settings for numerical integrations. The stability of the identified minima has been confirmed by vibrational frequency analysis. For the subsequent electronic structure analysis of the optimized structures the electron density was recomputed with an enlarged "tier 3" basis set. 29 To ensure that the obtained geometries indeed represent the ground-state structures for all considered systems we relied on basin-hopping (BH) based global geometry optimization, [32] [33] [34] which samples the potential energy surface (PES) through consecutive jumps from one local minimum to another. In our implementation 25, [35] [36] [37] it is achieved by random displacement of atoms in the cluster in a so-called trial move followed by a local geometry optimization. A Metroplis-type acceptance rule is used to either accept or reject the jump into the PES minimum reached by the trial move.
Summarizing the computational details in the supplemental material, we here only point out that the employed DFT-based global geometry optimization approach has been rigorously evaluated in previous work on Si clusters, 13, 25, [35] [36] [37] and has proven to both reliably predict geometries of lowest-lying isomers and to accurately describe their electronic structure. For the adequate discussion of the spin states manifold, calculations are carried out at the hybrid PBE0 31 functional level, which is commonly agreed to yield rather reliable results for the rich transition metal chemistry. 38 28 and in full agreement with the experimental results by Janssens et al. 27 However, the thorough electronic structure analysis revealed that the sp 3 Si dangling bonds are saturated through the strong Cr-Si interaction, which leads to the complete quenching of the Cr dopant high spin state. 39 For instance, this can be clearly seen in the density of states (DOS) diagram, where the contribution of both Cr dopant atoms and the cage Si atoms to the frontier orbitals of the cluster is quite significant, which illustrates a strong interaction between the dopant and the cage. Quite similar DOS structure we have reported earlier for MSi 16 + (M = Ti, V, Cr) cages. 37 In contrast, larger hydrogenated silicon cages, with the dopant metal isolated inside, exhibit negligibly small Cr-Si hybridization, which is illustrated by clear separation of the silicon and metal dopant levels in DOS. 13, 25 This view is in line with the complete quenching of the Cr spin state within the Cr 2 Si 18 + structure and is also complemented by the analysis of the frontier orbitals shapes, where the contribution of Cr is quite pronounced.
Results and Discussion
To check if the hydrogen termination idea to minimize the dopant-cage interaction [22] [23] [24] [25] is applicable in this case, we also ran a global geometry optimization of the corresponding fully hydrogen- (Fig. 1a) and analyze the density of states (DOS) diagram (Fig. 2) . The spin density distribution in Fig. 1a clearly indicates that the unpaired electrons are predominantly located at the Cr atoms of the encapsulated dimer. However, there are also two notable protrusions of the spin density towards the two hexagonal facets of the cage located along the dimer axis. Some spin density is thus extended to adjacent Si-Si bonds through noticeable hybridization of the dimer frontier orbitals and Si cage states as is clearly discerned in the calculated system DOS (Fig. 2) .
This spin-density delocalization from dimer to cage is best visualized in a spin-density difference plot, where the spin density of the Cr 2 + dimer and cage fragments are subtracted from the spin density of the Cr 2 + @Si 24 H 24 . The results in Fig. 3a clearly show that in the Cr 2 + @Si 24 H 24 aggregate spin density is accumulated at the Si-Si bonds within the two hexagonal facets and reduced at the Cr cores as compared to an isolated Cr 2 + dimer. A fraction of d-electrons located at the Cr cores in the isolated dimer is thus partially re-distributed to the area between the outer sides of the dimer and the hexagonal facets of the cage. Intriguingly, this does not affect the high spin for which at a further reduced binding energy of 1.77 eV there is now no spin-density delocalization towards the Si cage at either end of the dimer (Figs. 1c and 3c ). Through the resulting confinement the cage potential nevertheless does affect the internal electronic structure of the dimer, which in its encapsulated state exhibits a reduced number of only nine unpaired electrons. Similar to the situation for the isolated dimer, the additional pairing in such lower-spin states enforces the dimer bond and goes hand in hand with a corresponding contraction of the bond length; in the present case from 2.93 Å in the isolated high-spin Mn 2 + dimer to 2.59 Å in the Mn 2 + @Si 24 H 24 aggregate.
Overall these results thus demonstrate that already a Si 24 H 24 cage is generally large enough to accommodate high-spin dimer dopants such as Cr 2 + , Mn 2 + and CrMn + . Intriguingly, the nontrivial cage-dopant interaction, still present in this smallest fullerene, does not compromise the symmetric cage structure in the ground-state geometry, but instead contributes to its stabilization.
Most interesting from the perspective of conserving the character of the encapsulated dimer is thereby the CrMn + @Si 24 4 ) with a total number of 18 unpaired electrons, energetically located 4.76 eV lower than the next distorted isomer. The spin-density distribution and DOS also shown in Fig. 4 confirms that again all unpaired electrons are predominantly located at the four metal cores. This gives confirmation for the exciting perspective of tuning the magnetic moment by encapsulating a range of different dopants (starting from single atoms with different spin states, through highly magnetic dimers, and eventually up to more complex dopant aggregates) into a suitably sized hydrogenated silicon cage. Considering the possibility of obtaining larger fullerene-like Si cages, 40 this suggests a path to tune the size of the hydrogenated Si cage to eventually accommodate dopants of virtually any size and complexity. Such highly magnetic doped clusters can then be used as building blocks for cluster-assembled materials, for example by constructing doubly SiSi bound aggregates as we have recently suggested. 13 Endohedral multi-doping of hydrogenated silicon fullerenes thus appears as a viable route to novel cluster-based materials for magneto-optic applications.
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